Reproduction and aging evolved to be intimately associated. Experimental selection for early-life reproduction drives the evolution of decreased longevity in Drosophila whereas experimental selection for increased longevity leads to changes in reproduction. Although life history theory offers hypotheses to explain these relationships, the genetic architecture and molecular mechanisms underlying reproduction-longevity associations remain a matter of debate. Here we show that mating triggers accelerated mortality in males and identify hundreds of genes that are modulated upon mating in the fruit fly Drosophila melanogaster. Interrogation of genome-wide gene expression in virgin and recently mated males revealed coherent responses, with biological processes that are upregulated (testis-specific gene expression) or downregulated (metabolism and mitochondria-related functions) upon mating. Furthermore, using a panel of genotypes from the Drosophila Synthetic Population Resource (DSPR) as a source of naturally occurring genetic perturbation, we uncover abundant variation in longevity and reproduction-induced mortality among genotypes. Genotypes displayed more than fourfold variation in longevity and reproduction-induced mortality that can be traced to variation in specific segments of the genome. The data reveal individual variation in sensitivity to reproduction and physiological processes that are enhanced and suppressed upon mating. These results raise the prospect that variation in longevity and age-related traits could be traced to processes that coordinate germline and somatic function.
INTRODUCTION
Reproduction and longevity evolved to be intimately associated, with life history theory providing hypotheses to explain why a tight relationship between reproduction and rate of aging is expected (Stearns, 1992; Falconer and Mackay, 1996; Stearns et al., 2000) . Studies of laboratory evolution have shown that selection on the age of reproduction can lead to a correlated response in longevity, an observation that is in accord with predictions of the evolutionary theory of aging (Rose and Charlesworth, 1981; Stearns et al., 2000) . Similarly, direct selection for increased longevity can result in correlated changes in reproduction (Rose and Charlesworth, 1981; Stearns et al., 2000) . Furthermore, experimental studies have shown that removal of the germline cells in the nematode Caenorhabditis elegans substantially extends lifespan, and identified candidate genes modulating the relationship (Hsin and Kenyon, 1999; Arantes-Oliveira et al., 2002; Kenyon, 2010) . However, longevity outcomes emerging from perturbing specific genes or tissues can be surprising. For instance, in C. elegans, the daf-2 gene encodes for the insulin-like growth factor-1 and the severity of its knockdown can either weaken or strengthen the effect of reproduction on aging (Kenyon, 2010) . Furthermore, in worms, removal of the somatic gonad compensates for removal of the germline (Kenyon, 2010) .
In mammals, placing the reproductive tissues of young female rodents into older females results in increased longevity (Cargill et al., 2003; Mason et al., 2011) .
Evidently, the coordinated modulation of reproduction and lifespan is remarkably complex (Flatt et al., 2008; Ghazi et al., 2009; Tatar, 2010; Flatt, 2011; McCormick et al., 2011) . Mechanisms through which male-female interactions affect mortality and longevity are varied, and include: (1) a direct role of the germline in somatic aging (Hsin and Kenyon, 1999; Kirkwood and Austad, 2000; ArantesOliveira et al., 2002; Cargill et al., 2003; Ghazi et al., 2009; Austad, 2010; Kenyon, 2010; Tatar, 2010; Mason et al., 2011; McCormick et al., 2011; Gendron et al., 2014; Maures et al., 2014; Shi and Murphy, 2014) , (2) male and female harm to each other during copulation (Chapman et al., 1995; Wolfner, 2009) , (3) costs to gamete production (Sirot et al., 2011; Dowling and Simmons, 2012) and (4) observations of diffusible sex-harming factors transmitted between the sexes and between individuals of the same sex (Gendron et al., 2014; Maures et al., 2014; Shi and Murphy, 2014) . These costs can themselves be modulated with age. For instance, female attributes and male age have been implicated in the modulation of sperm production costs (Sirot et al., 2011; Dowling and Simmons, 2012) . Nevertheless, naturally occurring genetic variation in males and in females might limit the generality of studies that address molecular mechanisms of reproduction and longevity within a single genotype. Thus, although much progress has been made in understanding the feedbacks between germline and somatic tissues during aging, it is not surprising that identifying the underlying genetic factors and molecular mechanisms that mediate the relationship has remained a challenge (Kirkwood and Austad, 2000; Austad, 2010; Kenyon, 2010; Tatar, 2010) .
Natural genetic variation is a rich source of perturbation that modifies the expressivity and penetrance of traits. For instance, natural variation can even affect canonical pathways and mutations that have been abundantly studied, as is the case of the scalloped mutation in Drosophila melanogaster (Dworkin et al., 2009; Chari and Dworkin, 2013) . Diversity panels such as the Drosophila Genetic Reference Panel (DGRP) and the Drosophila Synthetic Population Resource (DSPR) harnessed naturally occurring variation to identify candidate segments contributing to phenotypes as varied as starvation stress, body weight and resistance to cold stress (Mackay et al., 2012) as well as modifiers of alcohol dehydrogenase activity (King et al., 2012a, b) and genome-wide gene expression (King et al., 2014) . Furthermore, within-and betweenpopulation variation in male-induced costs of mating to females have been well documented in Drosophila (Fiumera et al., 2006; Reinhart et al., 2015; Filice and Long, 2016) . Hence, natural variation in reproduction-induced male mortality and aging might similarly be expected to be abundant in genetically diverse panels.
Here we show that mating triggers genome-wide gene expression responses in Drosophila males and induces increased postreproduction mortality. Investigation of genome-wide patterns of gene expression in virgin and recently mated males revealed genes that are modulated upon mating and provide insights into biological processes that are enhanced or suppressed by mating. Furthermore, using a panel of genotypes (strains) from the DSPR as a source of naturally occurring genetic perturbation (King et al., 2012a, b) , we uncover abundant variation in reproduction-induced aging across genotypes and identify candidate genomic segments harboring loci that are likely to mediate the impact of reproduction on male aging. We conclude that genotypes from the DSPR panel harbor substantial variation for longevity and reproduction-induced male aging that can be harnessed in quantitative trait locus (QTL) analyses.
MATERIALS AND METHODS

Gene expression assays
Global gene expression levels were compared before and after reproduction for males of a selected genotype (BL4361). Virgin males (35 individuals per bottle) were collected within 7 h of eclosion and aged without females. At 33 days of age, males were transferred to bottles with 45 virgin females for 2 days. On day 35, males were isolated, transferred to fresh food and set to rest for 4 h before being flash frozen. Dead males were excluded from the control and treatment groups before flash freezing. Virgin control males were subjected to the same procedure but were placed in bottles without females. We contrasted global gene expression between virgin and recently mated males at 35 days of age. Microarrays werẽ 18 000 feature arrays spotted with D. melanogaster complementary DNA PCR products. Total RNA was extracted from whole flies using TRIzol (Life Technologies, Carlsbad, CA, USA). Synthesis and labeling of complementary DNA with fluorescent dyes (Cy3 and Cy5) and hybridization were carried out using 3DNA (Genisphere, Hatfield, PA, USA) reagents and protocols. Four replicates of each sample were hybridized and scanned using an Axon 400B scanner (Axon Instruments, Union City, CA, USA) and processed with GenePix Pro 6.0 software (Union City, CA, USA). Gene expression data can be obtained from GSE86345.
Drosophila strains and lifespan assays DSPR strains were kindly obtained from Stuart Macdonald (University of Kansas, Kansas City, MO, USA). From the DSPR population B (pB) set, we randomly selected 71 strains for analyses. The strains were previously genotyped (King et al., 2012a, b) . We scored male mortality daily in duplicate within each genotype. Accordingly, males were collected as virgins (within 7 h of eclosion) under light CO 2 anesthesia. Flies were aged in cohorts of 45 males per bottle (~177 ml), and each group was transferred to a new bottle containing fresh food every 2 days. On day 21, males of the treatment set were subject to CO 2 anesthesia and transferred to bottles with~90 young virgin females of a common genotype for 48 h. The control set was similarly subjected to the CO 2 anesthesia and transferred to new bottles that did not contain females. After this 48 h exposure to females, treated males were moved (day 23) to a new bottle with fresh food and scored daily for survival; all males are expected to mate at least once but probably several times during the 48 h interval. Control males were similarly transferred to a fresh bottle on day 23 and scored daily for survival. This was a labor-intensive assay requiring collection and manipulation of 415 000 virgin male and female flies. Hence, we conducted it sequentially in four batches that were run with ∼ 18 genotypes in each. We did not observe significant differences in pre-and post-exposure mortality between batches (for example, P = 0.40 for batch effect at day 21; P = 0.41 at day 23; P = 0.87 at day 25; P = 0.44 at day 27; analysis of variance (ANOVA)). Flies were maintained at 23°C, with standard diet (Bloomington recipe),~60% humidity and a 16 h/8 h light/dark cycle throughout the experiment. These choices were arbitrary. Our design does not separate costs because of physical harm from mating, courting, post-mating events or male-female interactions during mating through diffusible factors.
Statistical analyses
Analyses of survival curves for treatment and control populations were conducted with the survival package (R Development Core Team, 2011); the Cox proportional hazards model was fit with treatment as fixed effect. KaplanMeier survival curves were estimated for the average survival across all strains; P-values were also calculated using a log-rank test. Test of proportional hazards was conducted with Schoenfeld's residuals using the cox.zph function. There is no evidence that the proportional hazard assumption is violated (ρ = 0.13, χ 2 = 1.72, P-value = 0.19). In addition, differences in survivorship between treatment and control groups at specific ages as well as batch and genotype effects were assessed with mixed linear models using percent mortality as the response variable.
For the QTL analyses, we used the R/DSPRqtl analytical software developed by the DSPR team (King et al., 2012a, b) . Briefly, the DSPR team genotyped the recombinant inbred lines, and derived eight probabilities for the presence of one of the eight founder genotypes along the chromosomes of each recombinant inbred line. Multiple regressions of the eight additive probabilities on the mean mortality metric were calculated with no covariates for the pB population. The resulting F-statistic was converted to a LOD (logarithm (base 10) of odds) score. Significance was estimated with 1000 permutations.
For the analyses of gene expression, we used stringent quality control criteria to ensure reliable foreground intensity estimates for both Cy3 and Cy5 channels (Branco et al., 2013) . Foreground fluorescence of dye intensities was normalized by the Loess method in Bioconductor/Limma (Smyth and Speed, 2003; Smyth, 2005) . Statistical significance of gene expression variation was assessed with both Bayesian models in BAGEL and with linear models in Limma (Townsend and Hartl, 2002; Smyth, 2004) . Results are nearly identical with both methods, as we observed previously (Branco et al., 2013) . False discovery rates were empirically estimated by permutation of the data set. Tissue specificity of differentially expressed genes was assessed as previously described (Branco et al., 2013) using the FlyAtlas resource (Chintapalli et al., 2007) . Discovery of gene ontology enrichments were done with the FlyMine platform and enrichment P-values corrected with Holm-Bonferroni (Lyne et al., 2007) .
RESULTS
Mating induces upregulation of testis-specific gene expression
To gain insights into functional responses to mating and assist in identifying processes relevant for accelerated mortality after reproductive activity, we profiled genome-wide gene expression immediately after the pulse of reproduction. To that end, we identified a genotype that displays good longevity as virgins (~74% survivorship at age 33) and acute response to the 48 h mating treatment with a threefold higher mortality in the treatment group relative to control. Virgin 33-day-old males were exposed to females for 48 h, and flash frozen at day 35; dead males were excluded from the control and treatment groups before flash freezing. We observed acute gene expression responses to the treatment with 681 genes induced after mating (Bayesian posterior probability 40.95, false discovery rate o10%). Genes upregulated are significantly enriched for targets displaying testis-specific expression (Figures 1 and 2a ; P = 0.001, Fisher's exact test; odds ratio = 1.48; 95% confidence interval = 1.16-1.86), whereas the set of genes downregulated after mating displays a deficit of testisspecific genes (P = 2.2e − 16, Fisher's exact test; odds ratio = 0.16; 95% confidence interval = 0.08-0.28). The set of upregulated genes also includes a strong enrichment for Chaperonin-containing T-complex (GO:0005832; 7 genes, P = 3.40e − 7), a complex that is known to be relevant for spermatogenesis (Soues et al., 2003; Dun et al., 2011) . For instance, this category includes the genes T-cp1zeta, T-complex chaperonin 5, sarah and CCT-γ that are involved in meiosis and unfolded protein response. Analysis of the KEGG (Kyoto Encyclopedia of Genes and Genomes)/Reactome databases for the set of upregulated genes further reinforces the pattern with significant enrichment in the pathway 'formation of tubulin folding intermediates by CCT/TriC' (12 genes; P = 2.10e − 12). The upregulated set also displays significant enrichments in the classes of 'response to stimulus' (175 genes, P = 0.8.10e − 4), 'response to biotic stimulus' (35 genes, P = 0.001) and 'response to stress' (GO:0006850, 78 genes, P = 0.002).
Mating induces downregulation of metabolic processes
On the other hand, we observed 688 genes repressed after mating (Bayesian posterior probability 40.95, false discovery rate o10%). The genes downregulated with mating are broadly expressed and display highly significant enrichment in candidates belonging to 'metabolic processes' (364 genes, P = 4.85e − 10; GO:0008152), including 'enrichment in cellular amino acid metabolic process' (32 genes, P = 4.07e − 5; GO:0006520), 'organonitrogen compound metabolic process' (65 genes, P = 0.02; GO:1901564) and 'oxidation-reduction process' (90 genes, P = 2.18e − 22; GO:0055114). The gene candidates display, moreover, significant localization to the mitochondrion (56 genes, P = 4.62e − 5; GO:0005739) and lipid particles (32 genes, P = 1.32e − 6; GO:0005811). Furthermore, in accordance with these observations, the proteins whose mRNA precursors are downregulated with mating contain NAD(P)-binding domain (29 genes, P = 5.43e − 5, IPR016040). Analysis of the KEGG and Reactome databases further reinforce the pattern, with significant enrichments in downregulated genes belonging to 'metabolic pathways' (112 genes, P = 1.50e − 4) and in pathways of 'amino acid and derivative metabolism' (P = 9.48e − 4), 'fatty acid metabolism' (13 genes, P = 2.49e − 5) and 'glycolysis' (15 genes, P = 2.87e − 4). Finally, we observed a greater number of downregulated than upregulated genes among differentially expressed candidates involved in oxidationreduction processes, amino acid metabolism and localized to the mitochondrion and lipid particles (Figures 1 and 2b) . The shifts to repression are statistically significant within each functional category (Po0.01, Fisher's exact test).
Reproduction accelerates male mortality in Drosophila
The DSPR pB panel consists of recombinant inbred lines generated with a round-robin design of 8 wild-type founder lines. The 8 donor lines were collected from distinct localities to capture a broad range of natural allelic diversity. Using this resource, we first addressed the extent of natural genetic variation for the rate of aging in 71 genotypes (strains) of the DSPR panel. The data revealed large variation in longevity across genotypes, ranging from 18 to 97% mortality at 21 days of age (P = 8.22e − 08 for genotype effect; ANOVA; Figure 3a) . These results are congruent with a recent study uncovering similarly high variability in longevity among 40 strains of the DGRP (Mackay et al., 2012) . Thus, in order to investigate the genetic determinants underpinning the association between reproduction and mortality, we tested whether a 48 h pulse of reproduction in early-to-mid life (at days 21-23) could trigger accelerated mortality across genotypes of the DSPR panel ( Figure 3b ). As expected, there were no differences between control and treatment populations immediately before exposure to females at day 21 (P = 0.78 for treatment effect at day 21, ANOVA). Similarly, there were no differences in male mortality between the control and treatment populations of each genotype immediately following the mating Figure 1 Mating triggers upregulation of testis-specific genes and downregulation of broadly expressed metabolic genes. Number of differentially expressed genes that are upregulated (yellow) and downregulated (blue) in each category. The excess of downregulated or upregulated genes is significant for all categories (Po0.001, χ 2 test in each category). A full color version of this figure is available at the Heredity journal online. (b) Genes whose protein products localize to the mitochondria. Contrast between two treatments: virgin males and recently mated males. Scale reflects values of fold change relative to 1. For each gene, the expression in the treatment with the lower expression level was set to 1. A full color version of this figure is available at the Heredity journal online.
Reproduction-induced male aging AT Branco et al treatment (P = 0.13, for treatment effect at day 23, ANOVA). This suggests that the experimental manipulation did not disproportionally affect treatment or control males and that exposure to females did not immediately cause a difference in male survival. Nevertheless, exposure to females triggered faster mortality rates in males resulting in significant differences in survival curves (Figures 3b and 4 ; Cox hazard ratio = 2.15, P = 0.001; Log rank test score = 11.16, P = 0.0008), with statistically significant survival differences between treatment and control populations starting to emerge at age 25 days (P = 0.015, ANOVA for the treatment effect on day 25; P = 0.0568, MannWhitney); the difference remains statistically significant throughout the experiment and peaks at age 49 days (Po0.0001, ANOVA for the treatment effect on day 49; 19% difference in mortality between treatment and control populations across all genotypes). Collectively, these observations point to substantial variation in longevity across the DSPR and indicate that reproduction triggers accelerated mortality across diverse genotypes.
Identifying determinants of longevity and reproduction-induced mortality QTLs modulating aging and reproduction-induced mortality in males could be detectable in the DSPR panel. To address the possibility we first performed QTL analyses for longevity in the DSPR (King et al., 2012a, b) using survivorship at 21 days of age as the phenotype and R scripts with default parameters. The analysis identified a single peak with LOD score above 6. This 60 kb X-linked segment with higher probability of containing genetic factors that contribute to variation in aging among genotypes ( Figure 5 ) harbors 7 protein-coding genes. One of these genes is the protein-coding gene hemipterous (hep) that encodes a protein kinase that has long been known to affect aging in Drosophila (Seong et al., 2001; Wang et al., 2003 Wang et al., , 2005 Paaby and Schmidt, 2009; Omelyanchuk et al., 2015) . In view of this observation we proceeded to investigate the association between reproductioninduced male mortality and genetic variation in the DSPR. We used the difference in mortality between control virgin males and matched treatment males from the same genotype as a phenotype. In agreement with our expectations, we observed substantial variation in postreproductive mortality across genotypes. To illustrate, we measured the difference in survivorship between treatments and controls for each of the 71 genotypes at day 49. The data showed 50 strains with lower survivorship in the treatment relative to controls, 16 strains with identical survivorship in both groups and 5 strains with lower survivorship in the control group. This represents a significant bias toward genotypes with greater mortality rate post reproduction relative to the mortality in virgin controls (Po0.001, Fisher's exact test). In addition, all five strains with higher mortality in the control were within 10% of the mortality observed in the treatment populations with reproduction, suggesting this might represent stochastic variation. On the other hand, 15 strains displayed mortality that was 440% higher in the reproduction regime relative to virgin controls. Similar patterns were replicated at 33 days and 35 days of age. Collectively, these observations point to variation in reproduction-induced mortality across genotypes that could be traceable to individual loci in the DSPR. Hence, QTL analyses for reproduction-induced male mortality in the DSPR suggest candidate genomic segments; the candidate segment with the highest LOD score contains six protein-coding genes (Figure 6 ), namely Approximated (app), CG32100, Porphobilinogen synthase (Pbgs), CG4300, CG10426 and CG4328; only one gene (app) is differentially expressed in recently mated males. Another segment emerging with higher likelihood of harboring relevant variation is at chromosome 2R: this is a broad 280 kb segment (from gene CG3045 to gene CG10384) containing 420 protein-coding genes and lacking a sharply defined peak. The highest peak in the interval defined a 20 kb intergenic region between genes pickpocket 12 (ppk12) and CG10384. Genome scan for genetic determinants of longevity. The trait analyzed is variation in survivorship at 21 days of age in a set of 71 strains from DSPR pB. Chromosomes and chromosome location are represented along the x axis. LOD scores across 10 000 intervals along the Drosophila genome. The LOD line is set at 6. The segment with the highest LOD is displayed above the profile. The analyses identified a peak containing the hep gene, a candidate that is known to modulate aging in Drosophila.
Position ( Figure 6 Genome scan for genetic determinants of reproduction-induced male mortality. The trait analyzed is variation in the difference in survivorship between the control and treatment groups at 33 days of age in a set of 71 strains from DSPR pB. Chromosomes and chromosome location are represented along the x axis. LOD scores across 10 000 intervals along the Drosophila genome. The LOD line is set at 6. The segment with the highest LOD is displayed above the profile.
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The second highest peak in the interval defines a 20 kb segment overlapping the 3′ end of the gene defective proventriculus (dve).
DISCUSSION
The consequences of reproduction and germline tissues on organismal longevity are evolutionarily conserved (Rose and Charlesworth, 1981; Stearns, 1992; Hsin and Kenyon, 1999; Stearns et al., 2000; Flatt et al., 2008; Kenyon, 2010) . Here we observed that reproductive activity triggers gene expression changes in Drosophila males and induces decreased post-reproductive longevity. Specifically, our observations indicate that mating induces the expression of testis-specific genes, whereas it represses broadly expressed genes involved in metabolic processes and whose protein products are localized to the mitochondria; changes in gene expression are accompanied by accelerated male mortality post reproduction. Furthermore, analyses of longevity and reproduction-induced male mortality across genotypes indicate that the relationship between reproduction and longevity is not equally manifested across all genotypes. The observations point to genomic segments displaying higher likelihood of harboring genetic factors contributing to variation in male sensitivity to reproduction. The segments contain protein coding genes and microRNAs that are best candidates for further analyses aiming at pinpointing the identity of loci mediating the phenotype. Although analysis of variation in longevity among lines pointed to a segment containing the gene hep, a known factor associated with aging in Drosophila (Seong et al., 2001; Wang et al., 2003 Wang et al., , 2005 Paaby and Schmidt, 2009; Omelyanchuk et al., 2015) , the genes residing in the segments associated with accelerated mortality post-reproduction are less amenable to functional interpretations. Male-female interactions can be experimentally modeled through a number of designs that themselves make the contribution of copulation, courting, diffusible compounds, ejaculate composition and/or other attributes more or less salient. Accordingly, in Mediterranean flies, Ceratitis capitata, costs of male courtship were higher than reproduction-induced costs because of sperm production or mating (Papadopoulos et al., 2010) . On the other hand, data from Drosophila and crickets point to their ability to modulate the composition of the ejaculate (Sirot et al., 2011; Dowling and Simmons, 2012) , and potentially alter the allocation of reproductive costs. Nevertheless, observations of gamete production costs would need to be reconciled with data from worms indicating that removal of the somatic gonad compensates for removal of the germline (Kenyon, 2010) . The molecular pathways underlying how the compensation occurs have emerged in the context of insulin and steroid hormone signaling (Hsin and Kenyon, 1999; Flatt et al., 2008; Yamawaki et al., 2010) ; the observations highlight physiological complexity beyond simple costs of gamete production. Indeed, several studies have raised the expectation that interactions between age, reproduction and nutritional status might operate in Drosophila (Sgro and Partridge, 1999; Tu and Tatar, 2003; Toivonen and Partridge, 2009) , with results indicating a key role of the insulin pathway in females. Nevertheless, alternative pathways have also been suggested to play a role in modulating reproductionlongevity relationships. For instance, evidence for tradeoffs between protein quality control in somatic tissues and eggs has recently emerged in Drosophila (Fredriksson et al., 2012) . It is not farfetched to imagine that similar tradeoffs might also operate in Drosophila males, in which protein quality control could be essential for the progression of the carefully orchestrated events that occur during spermatogenesis long after most gene transcription had been shut off. Hence, detailed molecular characterization of a variety of genomic attributes coupled with larger analyses of reproductioninduced male mortality that simultaneously consider the role of diet, age, reproduction and genotype could yield essential baseline data.
Furthermore, the data presented here as well as previous observations linking reproduction and longevity point to events in reproductive and somatic tissues, with downregulation of metabolic genes and genes whose protein products localize to the mitochondria. This observation is concordant with functional hypotheses about the role of metabolism (McCormick et al., 2011) , insulin signaling (Flatt et al., 2008) and steroid hormones (Yamawaki et al., 2010) on reproduction-longevity associations, and could aid in narrowing the candidate genes or processes for further analyses. Indeed, our observations are in agreement with suggestions that germline removal promotes longevity in part by modulating insulin signaling and lipid metabolism (Hansen et al., 2013) , and with expectations that naturally occurring variation in mitochondrial function and metabolism specifically affects male aging (Zeh and Zeh, 2005; Camus et al., 2012) . Moreover, mitochondrialnuclear genetic interactions tied to aging are likely to include nuclear-encoded genes associated with reproduction-induced mortality (Tanaka et al., 1998; De Benedictis et al., 1999; Rand et al., 2006; Clancy, 2008; Zhu et al., 2014) . A recent study found that interactions between genes spanning the mitochondrial and nuclear genomes were associated with components of male reproductive aging via direct effects on ejaculate weight and indirect effects on the size of eggs produced by females (Immonen et al., 2016) . Interestingly, mitochondrial DNA variation in Drosophila preferentially affects genes that are exclusively expressed in the testis (Innocenti et al., 2011) . When probed in engineered genotypes that differ only in their mitochondrial DNA haplotype, males display significantly higher genetic variance for longevity than females (Camus et al., 2012; Dowling, 2014; Wolff et al., 2014) . Variation in Y-linked heterochromatin is also known to modulate the expression of genes exclusively transcribed in reproductive tissues as well as genes associated with mitochondrial function in Drosophila (Lemos et al., 2008 (Lemos et al., , 2010 . The Y-linked variation is, moreover, conditional on the genetic background (Chippindale and Rice, 2001) , differentially manifested in somatic and reproductive tissues (Branco et al., 2013) and recently implicated in aging (Griffin et al., 2015) . In view of these, an interesting possibility is that genetic elements displaying sex-biased occurrence or transmission, such as the Y chromosome or the mitochondrial DNA, might evolve interactions that contribute to the modulation of reproduction-induced mortality.
In conclusion, genomic analyses and natural genetic variation can serve as platforms to identify molecular pathways in reproductioninduced male mortality. Although the effect size of naturally occurring alleles is typically lesser than the effect size of alleles used in mechanistic studies (for example, loss-of-function mutations), the data highlight the relevance of genetic background in studies of reproduction-induced male mortality and longevity. The analyses reveal strains in which specific mechanisms of reproduction-induced male mortality might be manifested with greater or lesser salience. Although the phenotypic characterization of a greater number of strains is labor intensive (the DSPR panel contains 41000 genotypes), efforts have the benefit of being agnostic and would be worthwhile in view of the scarcity of expectations about the likely functions of loci mediating the association between reproduction and longevity. On the other hand, analyses using targeted loss-of-function mutations or sequential deletions in the candidate segments could be efficient to zero in on specific genetic elements within these regions. Whether gene expression responses to mating and reproduction-induced male mortality differ during aging or display genotype by age interaction remains to be determined. Collectively, our results further raise the prospect that determinants of longevity and age-related phenotypes might be traced to genetic variation and molecular processes affecting the germline, and potentially intersecting with pathways modulated by the mitochondria and the Y chromosome. Measuring the various layers of regulatory control that are expected to have evolved to coordinate functional processes in reproductive and somatic tissues during aging is likely to remain an important challenge for many years to come.
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